Differential interference contrast ͑DIC͒ was introduced to visible-light microscopy by Nomarski 1 over four decades ago, and was quickly established as a milestone in modern microscopy techniques. The employment of interference contrast techniques in x-ray imaging and microscopy has taken place more than a century after the discovery of x rays by Röntgen, 2 is still challenging, mainly due to two reasons: ͑1͒ It is only in the last decades that specialists have succeeded in developing suitable high-quality reflecting, 3 refracting, 4 and diffracting x-ray optical components. 5, 6 ͑2͒ Suitable beam splitters with small shears ͑i.e., displacement of split beams͒ and the geometrical requirements on path lengths are complicated to generate for x rays.
X-ray imaging, in particular, x-ray microscopy, often suffers from a lack of absorption resulting in low contrast images, especially when multi-keV x rays are used. Different approaches for using the real, phase shifting part of the refractive index were made possible in the past to overcome this problem. [7] [8] [9] [10] [11] [12] An advanced technique for high-resolution imaging applying the Zernike phase contrast to zone-platebased x-ray microscopy was introduced by Schmahl and Rudolph, 12 showing contrast enhancement for a low absorbing specimen at the cost of the appearance of diffraction halos, as known from visible-light microscopy. In 1965, Bonse and Hart established x-ray interferometry techniques for multi-keV x radiation. 13 Combination of x-ray interferometry with high-spatial-resolution x-ray imaging using the Young double-slit method was proposed, but was not implemented in applications up to now. 14, 15 From a detailed look at the diffraction properties of zone plates ͑ZPs͒ ͑Refs. 16 and 17͒ used for high-resolution x-ray microscopy, has emerged the idea of combining x-ray interferometry and microscopy in order to achieve DIC operation of an existing x-ray microscope, 18 basically similar to DIC microscopy in the visible-light regime.
ZPs are circular diffraction gratings with radially increasing line density that generate focal spots given by f m ϭ2r⌬r/(m), where denotes the wavelength, f m the focal length in the mth diffraction order, ⌬r the outer zone width, and r the radius of the zone plate. The spatial resolution and depth of focus ͑DOF͒ of a ZP in 1st diffraction order are given by
where ␦ is the diameter of the Airy disk in the focal plane. A zone plate ͑ZP1͒ splits an incident plane wave in a ͑zero-order͒ plane wave and a set of spherical waves ͑1st and higher orders͒. A second zone plate ͑ZP2͒ placed closely behind the first one interacts with the x radiation coming from ZP1, as drawn in Fig. 1 . Relevant for DIC image formation in the described setup are the 0th and 1st orders of both zone plates. All other diffraction orders can be sorted out by appropriate apertures. 0th and 1st orders of ZP1 are split up in two pairs corresponding to the 0th and 1st orders of ZP2, resulting in four waves evolving in the image space. The setup can be arranged in a way that only the combinations of the 0th order of ZP1 with the 1st order of ZP2, and vice versa, contribute effectively to the image. 20 The inter- where denotes the wavelength, a the lateral displacement of the two zone plates, and A the distance of their back focal planes to the detector. Differential imaging means that the lateral image separation is smaller than the spatial resolution of the imaging optics. According to Eq. ͑1a͒, the zone plate imaging fulfills this condition when the lateral displacement of the two zone plates is of the order of the outermost zone width ⌬r. In addition, the separation of the zone plates along the optical axis has to be well within the DOF, otherwise one would observe two different-sized images.
On the basis of these considerations, we generated a doublet of ZPs with the following geometrical characteristics at a photon energy of 4 keV ͑corresponding to ϭ0.31 nm͒: rϭ37.75 m, first-order focal length f 1 ϭ50 nm, outer zone width ⌬rϭ200 nm, and zone height of 420 nm. The theoretical first-order diffraction efficiency ͑that is, the fraction of the incoming light diffracted into the first order͒ of each ZP is 14%. The zero-order transmitted-light fraction is 35%. The two zone plates are designed by a special fabrication process on both sides of a 1-m-thick Si 3 N 4 window. Equation ͑1b͒
gives DOFϭϮ258 m, thus the on-axis separation of the zone plates is far below the DOF. A special alignment procedure allowed displacing the two ZPs by less than 100 nm, or less than half of the outer zone width.
The experiment was carried out at the x-ray microscopy beamline ID21 at the European Synchrotron Radiation Facility 20,21 using a photon energy of 4 keV. A single ZP provided a first-order diffraction efficiency of 14%, which is the theoretically achievable value. The diffraction efficiency of the ZP doublet is measured to 10%, which is in agreement with theory when the absorption of the zero-order light in the first ZP and the absorption of the 1st order light of ZP1 in the ZP2 are taken into account. The setup of the modified fullfield imaging microscope is similar to a visible-light transmission microscope with critical illumination: A condensing optic focuses the beam onto the sample. The ZP doublet projects the magnified image onto a charge-coupled-device detector. Different from the visible-light Nomarski DIC microscopy, 1 no additional optical components like a polarizer, analyzer, and Wollaston prisms are needed in the x-ray optical scheme. The spatial resolution of the DIC full-field imaging x-ray microscope equipped with the described ZP doublet was tested by imaging a tungsten Siemens star pattern 22 with spokes varying from 1 to 0.1 m. Features down to 0.16 m could be resolved.
The potential of the DIC x-ray technique is demonstrated in the following images. Figure 2 shows a comparison of the x-ray images of 2-m-thin PMMA structures taken in bright field or absorption contrast and DIC contrast at 4 keV photon energy. The structures are almost transparent and can hardly be seen in bright-field x-ray imaging, whereas they are clearly visible in the x-ray DIC contrast. Figure 3 shows the x-ray images giant moss spores of Dawsonia superba. The three-dimensional appearance ͑shadowing͒ of the structures 
